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I. INTRODUCTION 
Although the essentiality of boron in the nutrition of 
higher plants has been recognized for 47 years, the specific 
biochemical role of this element in plant metabolism has not 
yet been elucidated. Since Agulhon in 1910 (1) first 
reported a specific requirement of higher plants for boron, 
thousands of publications concerning boron as a plant 
nutrient have appeared in the literature. The majority of 
these reports, however, have dealt with the more practical 
aspects of boron-deficiency and -toxicity in crop plants, 
rather than with theoretical considerations as to the mode of 
action of the element in plant metabolism. Brenchley (2), 
Chandler (3), Shive (4), and Atwater (5) provide excellent 
surveys of boron nutrition of plants, while a more recent 
review by Gauch and Dugger (6) is concerned primarily with 
the physiological action of boron in higher plants. 
Of the fifteen more or less distinct postulated roles 
for boron mentioned by Gauch and Dugger (6), probably the 
hypothesis most currently popular is the one advanced by 
these authors relating boron to the translocation of sugars 
and to the water relations within plants. Early experiments 
by Mitchell, et al. (7) involving the translocation of iso-
topically labelled 2,4-dichlorophenoxyacetic acid (2,4-D) in 
bean plants indicated that the addition of boron and sucrose 
to the 2,4-D solution in which the leaves were dipped, in­
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creased the amount of growth stimulant translocated by as much 
as fifty per cent. The observation by Gauch and Dugger (8) 
that boron added to sucrose solutions also increased the 
amount of sucrose translocated, led these workers to propose 
that 2,4-D translocation was increased as a result of in­
creased sucrose movement caused by the presence of boron. 
Further support for this hypothesis was gained by Sisler, et 
al. (9) who found a greater percentage of radioactive photo-
synthate (in terms of the amount of G^Og fixed) to have been 
translocated in boron-sufficient than in boron-deficient 
tomato plants fed C^Og. These authors state that transloca­
tion in minus-boron cultures was inhibited even before gross 
morphological symptoms of boron-deficiency had appeared. 
Mcllrath and Falser (10, 11), however, have pointed out that 
the phloem cells of boron-deficient tomato and turnip plants 
may well cease to function normally even before signs of 
anatomical change are evident. In support of this argument, 
these investigators refer to the work of Skok (12) who noted 
that meristematic cells in the stem tips of sunflower seed­
lings grown in nutrient solution which had been deficient in 
boron for only two days, responded differently to X-irradia-
tion than did those of seedlings adequately supplied with 
boron. Mcllrath and Falser have further reported (10, 11) 
that phloem of boron-deficient cotton plants did not become 
necrotic as did that of tomato and turnip plants and that 
no apparent decrease in carbohydrate translocation was noted 
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in the former as it was in the latter. 
If the hypotheses of Gauch and Dugger (8) were valid, it 
would be expected that the rate of uptake of sugars would in­
crease with pH since, according to Boeseken, et al. (13), 
sugar-borate complexes are more stable under alkaline condi­
tions. Further evidence, however, tending to refute the 
concept that boron is directly involved in carbohydrate trans­
location has been presented recently by Melson and Gorham (14) 
who found no consistent effect of pH in the range 4.2 to 8.4 
on the uptake of sucrose or glucose by intact leaves of soy­
bean. Although these workers found the addition of boron to 
sucrose and glucose solutions to facilitate markedly the 
entry of these sugars into "non-wounded leaves", Nelson (15) 
observed no increase in the rate of translocation of sucrose, 
glucose, or fructose when boron was added to the sugar solu­
tion. 
In the light of recent investigations, then, it appears 
that boron is probably not directly involved in" the "''trans loca­
tion mechanism but rather so modifies the plant metabolism 
that translocation of carbohydrates is indirectly affected. 
It is interesting to note in this respect, that Baker (16), 
working with Gauch and Dugger, found boron-deficiency in snap-
bean, sunflower, and tomato plants to result in a lower rate 
of transpiration, and to be intimately associated with the 
water relations, in these plants. These workers interpret 
their data as evidence confirming the role of the sugar-borate 
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complex in carbohydrate translocation* An alternative expla­
nation of the experimental results-not suggested by the 
authors is that boron, directly or indirectly, acts to 
regulate cell membrane permeability. Such a consideration also 
takes into account the previously mentioned effect of boron 
on the uptake of sugars. This concept and its ramifications 
will be discussed in a later section. 
An entirely different role for boron in the metabolism 
of higher plants has recently been proposed by Torssell (17) 
who described the preparation of forty-nine arylboric acids 
(18, 19, 20, 21) and their effects (22) on the growth of 
Mycobacterium phlei, Escherichia coll, and Staphylococcus 
aureus, as well as their effects on fermentation by dried and 
fresh baker's yeast, yeast invertase, malt 0(-amylase, potato 
phosphorylase, and human cholinesterase. In no case, however, 
were the results of these tests sufficiently interesting to 
warrant further study on the same systems. Torssell also 
investigated the effects of arylborates on the growth of wheat 
roots and observed increases in cell elongation of up to two 
hundred per cent. The most active of these compounds were 
phenylboric acid and 4-methyoxyphenylboric acid. None of the 
compounds tested showed activity in the Avena coleoptile 
assay. The author concludes from these and other experiments 
that the metabolic function of boron in higjier plants is 
concerned with the synthesis of cell wall material and with 
the regulation of the rigidity of the cell wall. To date, 
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attempts to isolate compounds of boron from plants have proved 
fruitless (23); nevertheless, the possible existence of such 
compounds can not be denied. Torssell1 s hypothesis is at­
tractive in that many of the observed effects of boron on 
plants can be reconciled readily with it and the postulated 
role of the element does not necessarily depend upon the 
presence of arylboric acids within the plant. Thus, according 
to the author, boric acid might be expected to behave in a 
similar manner with respect to synthesis of new cell wall 
material. 
The verification or refutation of the foregoing theory 
of the participation of boron in the regulation of cell wall 
rigidity must, of course, await the acquisition of further 
experimental evidence. In view of the date of publication of 
this work (December, 1956), it is not surprising that such 
evidence is not yet available. 
The following investigations have not elucidated the 
specific biochemical role of boron in the metabolism of higher 
plants; however, they narrow the field of investigation for 
future workers. 
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II. EXPERIMENTAL PART 
A. Identification of the Blue-Fluorescent Compounds 
in Boron-Deficient Plants 
1. Introduction 
Upon examination under long wave-length ultra-violet 
light of boron-deficient tomato (Lycopersicon esculent vim Mill, 
cv. Marglobe), lettuce (Lactuca sativa var. capitata L., cv. 
Big Boston), radish (Raphanus satlvus L., cv. Sparkler), and 
sunflower (Helianthus annuus L., cv. Medium striped) plants, 
a blue-fluorescence was noted in and around the necrotic 
areas of the leaves. This fluorescence was similar to that 
observed by Spurr (24) in the necrotic areas of boron-
deficient celery leaves and petioles. The identification of 
the compounds responsible for the blue-fluorescence has been 
published as a brief note (25). A more detailed description 
of the procedures used in this identification is presented in 
the next section. 
2. Methods and results 
(a) Materials and general procedures. All plants were 
grown from seed in coarse exploded mica (Vermiculite) sup­
ported on thin layers of non-Pyrex glass wool contained in 
wooden boxes, the bottoms of which were made of galvanized 
iron wire screen. These boxes were placed on top of half-
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gallon crocks containing modified Knopp1 s solution# The * 
Vermiculite was moistened daily with distilled water until 
the radicles of the seedlings had grown down into the 
nutrient solution. When these solutions were changed every 
three days, no aeration was found to be necessary for 
satisfactory root growth. The composition of the nutrient 
solution used is shown in Table 1. All chemicals were of 
analytical reagent grade purity. 
Corresponding leaves from boron-deficient and healthy 
plants were ground at room temperature with eighty per cent 
ethanol in Ten Broeck glass homogenizer tubes. Following 
centrifugation of the homogenates, the supernatants were 
extracted three times with petroleum ether (boiling range 60°-
70° C.) to remove lipoidal material, concentrated under reduced 
pressure to small volumes, and spotted on sheets of Whatman 
No. 1 filter paper in preparation for ascending chromatography 
in th-3 following eight common solvent systems: 
(a) amyl alcohol - acetic acid - water (4:1:5) 
(b) n-butanol-acetic acid-water (4:1:5) 
(c) n-butanol-n-butyric acid-water (2:2:1) 
(d) benzyl alcohol-acetic acid-water (4:1:5) 
(e) m-eresol-acetic acid-water (50:2:48) 
(f) sec-butanol-formic acid-water (15:3:2) 
(g)a toluene-acetic acid-water (4:1:5) 
aThis solvent was used only in the preliminary phases of 
the investigation Inasmuch as it produced excessive tailing 
of the phenolic compounds tested. 
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Table 1. Composition of the modified Knopp ' s solution used 
for growing all plants* 
Compound Concentration in Volume of stock/l. 
stock solution nutrient - mis. 
g/1. 
NH4NO5 32.9 10 
KH2PO4 28.5 10 
KCl 28.5 10 
CaClg'2 HgO 28.5 10 
MgS04e7 HgO 42.7 10 
FeS04*(NH4)2S04«6 HgO 13. lb 1 
MnClg 1.0 1 
H3BO5 1.0 varied 
ZnS04e7 HgO 0.025 5 
CuS04*5 HgO 0.016 5 
HgMo04*Hg0 0.004 5 
*The author is indebted to Prof. E. F. Lind of the 
Department of Botany, Iowa State College, Ames, Iowa, who 
supplied the composition of this nutrient solution. Prof. 
Lind*s solution was modified by the addition of zinc, 
molybdenum, and copper ions, and by the substitution of fer­
rous alum for the ferric-ethylenediaminetetracetic acid 
chelate used by Prof. Lind* 
bIn O.lN HC1 solution. 
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(h) acetic acid-hydrochloric acid-water (30:3:10) 
(b) Resuite. While at least four blue-fluorescent 
spots were noted on most of the chromatograms, two of these 
spots were very much larger in the case of the extracts of 
boron-deficient, as compared to those of healthy, leaves. 
The R^'s of these spots corresponded closely to those of 
chlorogenic acid (the quinic ester of caffeic acid) and caf-
feic acid (3,4-dihydroxycinnamic acid), respectively. Elu-
tion of the spots and co-chromatography with authentic 
chlorogenic and caffeic acids resulted in complete coinci­
dence in all solvents. Treatment of the presumed chlorogenic 
acid with 2N HOI at 100° C. for one hour gave caffeic acid, 
quinic acid, and a little residual chlorogenic acid. The 
presumed caffeic acid showed no apparent change on similar 
treatment. Authentic samples of chlorogenic and caffeic acids 
gave results identical to those obtained with the unknown 
compounds. 
The fluorescence, of the spot corresponding to chlorogenic 
acid changed from blue to bright green on exposure to ammonia 
vapor, while the presumed caffeic acid spot became a more 
intense blue, both reactions being in accord with the reactions 
of authentic material. The presumed chlorogenic and caffeic 
acid spots, after exposure to ammonia vapor, were yellow by 
daylight, as were authentic samples. 
Spraying of the spots with 2N NaOH, ammoniacal silver 
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nitrate, diazotized p-nitroaniline (with and without an over-
spray of sodium carbonate solution), diazotized sulfanilic 
acid, and ferric chloride solution (Swain, 26) produced 
colors which were in all cases entirely consistent with their 
identification as chlorogenic and caffeic acids. 
3. Discussion 
A much higher concentration of these phenolic acids was 
present in the green leaf material immediately adjacent to 
the necrotic area than in either the rest of the leaf or the 
necrotic area itself. This observation and the fact that 
both chlorogenic and caffeic acids were found (in lesser 
amounts) in healthy leaves, suggests that the formation of 
blue-fluorescent areas in the leaves of boron-deficient 
plants is a secondary effect of the deficiency. Since the 
amounts of these acids present in the necrotic area of the leaf 
were found to be much less than those in the green part 
adjacent to the necrosis, the chlorogenic and caffeic acids 
may have been oxidized by polyphenoloxidase and subsequently 
condensed to melanin pigments or otherwise lost. Both 
Charaux (27) and Politis (28) have found chlorogenic and caf­
feic acids to be ubiquitously distributed in higher plants. 
Shiroya and Hattori (29, 30) have attributed the browning 
induced by mechanical injury of the leaves of dahlia and 
tobacco plants to the presence of these phenolic acids. These 
observations lend support to the hypothesis that the accumula-
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tion of chlorogenic and caffeic acids in the leaves of boron-
deficient radish, tomato, sunflower, and lettuce plants, 
simply represents a manifestation of a disturbed metabolism. 
B. The Effects of Boron-Deficiency on Photosynthesis 
in Intact and Excised Sunflower Leaves 
1. Introduction 
In view of the fact that, to date, only green plants 
capable of carrying out photosynthesis have been shown un­
equivocally to require boron for nonnal metabolism, it did 
not seem unreasonable to assume that boron might participate 
in some manner in this process. Such an hypothesis was 
readily amenable to testing by more or less standardized 
procedures. These procedures and their results are detailed 
in the next section. 
2. Methods and results 
(a) Excised leaves. 
(1) Apparatus and materials. Sunflower plants 
(Helianthus annuus L. cv. Small poultry) were grown in nutri­
ent solution as described in Section A. Healthy plants 
received 1.0 ppm of boron in the nutrient solution. When 
severe deficiency symptoms (Figure 1) had appeared on the 
minus-boron plants (about 5-8 days after withdrawal of boron 
from the nutrient solution), corresponding leaves from 
both deficient and healthy plants were excised and their 
Figure 1. (top) Sunflower plants of the same age 
growing in nutrient solution containing 
three levels of boron. 
(bottom) Sunflower plants seven days 
after withdrawal of boron from the 
nutrient solution showing symptoms 
typical of severe boron-deficiency. 
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petioles were immediately immersed in distilled water. These 
leaves were removed from the greenhouse to the laboratory 
where they were kept for at least one hour prior to initia­
tion of the experiment. 
The apparatus used for generating and administering the 
G^Og was similar to that described by Racusen (31) except 
that the feeding chamber was a large vacuum desiccator cooled 
by a continuous flow of water over the top. Ten per cent 
perchloric acid was injected with a hypodermic syringe 
through the serum vial stopper of the generating chamber to 
generate the C^Og from 100 microcuries of BaC^^Og and so 
start the experiment. Supplementary illumination, supplied 
by two 200-watt unfrosted, tungsten light bulbs in aluminum 
reflectors, gave 200-300 foot candles of light at the leaf 
surfaces. During the uptake of labelled carbon dioxide, the 
leaves were supported in small Erlenmeyer flasks with their 
petioles immersed in distilled water. 
(2) C^Og administration and analytical procedures. 
The leaves were allowed to continue photosynthesis for about 
three hours, at the end of which time, ninety-five per cent of 
the radioactivity initially present (as determined by a mica-
window Geiger-Muller detector in series with the pump) had 
been taken up. Following immediate killing of the leaves in 
liquid nitrogen, - they were plunged, while still frozen, into 
eighty per cent ethanol and the soluble compounds were 
extracted by heating under reflux for three 15-minute periods, 
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with renewal of the solvent at the end of each period. The 
observation that only negligible radioactivity was present in 
the third extract was considered to be indicative of complete 
extraction of eighty per cent ethanol-soluble compounds. The 
insoluble residues, consisting mainly of leaf "protein", 
starch, cellulose, and lignin, were not worked up further in 
this experiment but were saved for subsequent recovery of the 
radiocarbon*. After extraction of the chlorophyll pigments 
and lipoidal materials by shaking in separatory funnels with 
four times one volume of petroleum ether (boiling range 60°-
70° 0.), the alcohol solutions were concentrated to four to 
five milliliters under reduced pressure preparatory to 
further fractionation by ion-exchange. 
The ion-exchange columns, arranged in tandem, consisted 
of a bed of Amberlite IR-120 H*-cation exchange resin followed 
by a bed of Amberlite IR-4B 0H~-anion exchange resin. The 
resins were regenerated with two per cent (w/v) hydrochloric 
acid and two per cent (w/v) ammonium hydroxide solutions, 
respectively, while two per cent (w/v) ammonium hydroxide 
solution was used for stripping both resins. 
Following concentration of the neutral, cationic, and 
anionic fractions under reduced pressure, two-dimensional, 
ascending chromatography on Whatman No. 1 filter paper was 
aViewed in the light of the results of subsequent experi­
ments (see Section Gr.), it was unfortunate that these in­
soluble fractions were neither counted nor analyzed for 
lignin content. 
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utilized to identify the compounds present in each fraction. 
The solvents used were eighty per cent aqueous phenol in the 
first direction and n-butanol-n-butyric acid-water (2:2:1) 
in the second direction* Radioautograms were made by 
exposing Kodak No-Screen X-ray film to these chromatograms 
for appropriate lengths of time. 
The total amount of radioactivity in each fraction was 
determined by plating an aliquot on glass discs as described 
by Vernon (32) and counting with either the specially adapted 
thin-window, Geiger-Muller tube described by Racusen (31) or 
a wind owle s s, Q,-gas flow counter. The latter instrument 
provided a counting efficiency some five times that of the 
end-window counter and was used for samples having low 
activities or when greater accuracy was desired than could be 
obtained with the Geiger-Muller detector. All counting rates 
were referred to infinitely thin samples; counting was ac­
curate to within three per cent standard error. 
(3) Results. The amounts of radiocarbon in­
corporated into the various fractions of boron-deficient and 
healthy leaves are shown in Table 2. Counting rates (counts 
per minute - c/m) were determined using the end-window-G-M 
tube and all counts have been corrected for background. 
The data in Table 2 have been expressed in Table 3 as 
percentages of the eighty per cent ethanol-soluble activity 
in each fraction. 
Radioautography of two-dimensional chromatograms showed 
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Table 2. Distribution of radioactivity in the eighty per 
cent ethanol-soluble fractions of one gram (fresh 
weight) of excised boron-deficient and healthy sun' 
flower leaves allowed to carry on photosynthesis 
for three hours with C-^Og 
Pet. Anionic Cationic Neutral 
Leaf ether- fraction fraction fraction 
soluble 
c/m c/m c/m c/m 
Boron-
deficient 39,405 180,044 74,368 4,398,900 
Healthy 63,240 37,440 53,130 10,990,800 
Table 3. Per cent distribution 
soluble radioactivity 
and healthy sunflower 
of eighty per cent ethanol 
in excised boron-deficient 
leaves fed C 4^0g 
Pet. Anionic Cationic Neutral 




deficient 0.8 3.9 1.6 93.8 
Healthy 0.6 0.3 0.5 98.6 
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the differences between the radioactive compounds present in 
corresponding neutral, anionic, and cationic fractions of 
boron-deficient and healthy leaves to be apparently dif­
ferences of degree rather than of kind. No spots were noted 
on radioautograms made from chromatograms of either boron-
deficient or healthy leaf fractions which were not present on 
both; however, the amounts of radioactivity in these spots 
varied as would be expected from data presented in Table 3. 
(b) Intact versus excised leaves. 
(1) Apparatus and materials. Intact and excised 
leaves of healthy and boron-deficient sunflower plants were 
fed 495 microcuries of C^Og using the apparatus described 
previously except that a large Plexiglass (methylmethacrylate 
polymer) box was used as a feeding chamber so that entire 
plants could be accomodated. A period of about twelve hours 
was required for ninety-five per cent of the initial radio­
activity to be taken up when this larger feeding chamber was 
used. 
(2) Analytical procedures. The leaves, stems (after 
having been cut into short sections), and roots (after having 
been rinsed in distilled water) were killed in liquid nitro­
gen and extracted as described previously (pp. 14 and 15, et. 
seq.). The eighty per cent ethanol-soluble fractions were 
not subjected to ion-exchange separation in this experiment 
but were chromatographed directly after the petroleum ether 
extraction. 
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(3) Results. The distribution of the radioactivity 
in the leaves, stem, and roots of boron-deficient and healthy 
sunflower plants is shown in Table 4. Counting rates were 
determined using the gas-flow counter and are accurate to 
within three per cent standard error. 
In order that the amounts of radioactivity in the intact 
leaves, stem, and roots of boron-deficient and healthy plants 
may be compared more readily with one another, the pertinent 
data presented in Table 4 have been expressed in Table 5 in 
terms of the percentage of eighty per cent ethanol-soluble 
activity in each part of the plant. 
Following radioautography of two-dimensional chromato­
grams of the various eighty per cent ethanol extracts, the 
following observations were made: 
(1) The excised leaves from boron-deficient and healthy 
plants possessed essentially the same qualitative 
distribution of radioactive compounds as was noted 
in the previously described three-hour feeding 
experiment. 
(2) The intact leaves from boron-deficient plants con­
tained larger amounts of radioactive glucose, 
fructose, and sucrose than did those from healthy 
plants, presumably as a result of a decreased rate 
of translocation caused by necrosis of the phloem. 
Although withdrawal of boron from the nutrient solu­
tion in which these particular plants.had been 
20 
Table 4. Distribution of radioactivity in the eighty per cent 
ethanol-soluble fraction of boron-deficient and 











Ii-excised leaf^ 399,110 8,040,090 8, 439,200 
D-excised leafc 442,960 6,233,994 6, 676,954 
H-intact leaf 1,080,800 6,240,160 7, 320,960 
D-intact leaf 292,314 3,626,086 5, 918,400 
H-stem 694,260 6,015,740 6, 710,000 
D-stem 201,260 4,874,740 5, 076,000 
H-intact roots - — — 1,190,480 1, 190,480 
D-intact roots - — — 1,243,440 1, 243,440 
^Normalized to one gram (fresh weight) of tissue. 
= healthy. 
°D a boron-deficient. 
Table 5. Per cent distribution of the total radioactivity in 
the intact leaves, stems, and roots of boron-
deficient and healthy sunflower plants fed C^Og 
Description Leaves Stems Roots 
of sample % % % 
Boron-deficient 38.3 49.6 12.1 
Healthy H C
O 44.1 7.8 
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growing had taken place only seven days prior to 
their use as experimental subjects, microscopic 
examination of free-hand stem cross-sections revealed 
the phloem tissue to have been in an advanced stage 
of necrosis and general disintegration similar to 
that reported by Reed (33), 
3, Discussion 
It is clear from the evidence presented in the preceding 
section,that even severe boron-deficiency, does not notice­
ably affect the photosynthetic process in sunflower plants 
insofar as the synthesis of carbohydrates is concerned. It 
is of interest to note the percentages of the total alcohol-
soluble radioactivity present in the organic acid (anionic) 
fractions of boron-deficient and healthy excised leaves 
(Table 3). More than ten times as much radiocarbon was present 
in this fraction in boron-deficient leaves as was present in 
that of healthy leaves. It is not possible, however, to 
determine from these data alone whether larger amounts of 
anionic compounds were produced in deficient, than were made 
in healthy, leaves, or whether the efficiency of utilization 
of such compounds was Impaired in the deficient leaves. Either 
of these circumstances would have resulted, of course, in the 
observed apparent accumulation of organic acids in the boron-
deficient leaves. 
It may be noted that Sisler, et al, (9) found no varia-
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tion in the amounts of malate, succinate, citrate, and an 
acid tentatively identified as X_-ketoglutarate, present in 
healthy and boron-deficient tomato leaves fed radioactive 
carbon dioxide. That these workers did not detect the 
presence of chlorogenic acid is not surprising in view of the 
relatively insensitive nature of their analytical techniques. 
Since they did not subject their extracts to ion-exchange, 
even the tentative identifications of the organic acids made 
by these investigators is of somewhat dubious value, Further, 
they detected the acid spots with the aid of a bromcresol 
green spray, a technique which has been shown in our 
laboratory to be singularly insensitive to amounts of material 
less than 50 micrograms. In the present investigation, 
chlorogenic acid, even in boron-deficient leaf extracts, 
could not be detected on chromatograms with this spray re­
agent . Finally, Sisler and his co-workers do not mention 
having examined their chromatograms under ultra-violet light 
for the possible presence of fluorescent compounds. 
Further examination of the data presented in Table 3, 
indicates the amount of radioactivity incorporated into the 
amino acid (cationic) fraction of boron-deficient leaves to 
have been somewhat higher than that incorporated-into the 
same fraction of healthy leaves. This difference, though 
relatively small, has been shown to be significant in that 
ninhydrin-sprayed chromatograms of boron-deficient and 
healthy leaf extracts\always showed a higher concentration of 
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free amino acids to be present in the former than in the lat­
ter. Such an increase of ninhydrin-positive substances was 
even more striking in extracts of boron-deficient stems. 
The effects of boron-deficiency on the occurrence of the 
free amino acids in various plants will be discussed in a 
later section of this dissertation. 
The data presented in Tables 4 and 5 indicate that 
neither the nature nor the efficiency of the photo synthetic 
process is markedly affected by boron-deficiency in intact 
sunflower leaves. It is recognized, however, that the 
basing of comparisons of photosynthesis in boron-deficient 
and healthy leaves on fresh weights of plant material has 
certain disadvantages. In the first place, the ratio of 
fresh weight to dry weight in the two kinds of leaves may 
well be a function of the severity of the deficiency. In the 
second place, the presence of large, presumably non-photo-
synthetic, necrotic areas on the deficient leaves probably 
exerts a negative effect on the amount of C^Og taken up and 
fixed by these leaves. Finally, Baker, et al. (16) have 
observed large numbers of abnormal, apparently non-function­
al, stomata on boron-deficient leaves, the presence of which 
would also tend to decrease the efficiency of C^Og uptake. 
These factors may account for the decreased C^Og fixation 
by the boron-deficient leaves shown in Table 4. 
In view of the profound and strikingly similar effects 
of boron-deficiency on, as well as the qualitative similarity 
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of photosynthesis in, higher plants in general, it is 
probable that boron does not participate actively in photo­
synthesis. It is apparent, then, that a biochemical role for 
this element must be sought for elsewhere in the metabolism 
of the plant. 
C. The Effects of Boron-Deficiency on the Occur­
rence of Free Amino Acids in the Leaves and Stems 
of Various Plants 
1. Introduction 
The observation, made during the course of the previously 
described studies on photosynthesis, that C"^-labelled amino 
acids accumulated in boron-deficient sunflower leaves and 
stems, suggested a possible relationship between boron and 
protein synthesis. This concept is by no means a novel one, 
for as Gauch and Dugger point out in their review article 
(6), many workers have considered boron to be intimately as­
sociated with protein metabolism. The evidence for this 
hypothesis, however, is of an indirect nature and the experi­
mental data supporting it may reflect simply a disturbed 
carbohydrate balance resulting from decreased translocation 
of sugars in the boron-deficient plants# 
It was of interest to determine whether or not this amino 
acid accumulation was characteristic of boron-deficiency in 
plants other than sunflowers. 
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2. Methods and results 
(a) Materials and general procedures. Ground, air-dried, 
leaves and twigs of boron-deficient and healthy peach (cv. J. 
H. Hale), apricot (cv. Wenatchee Morepack), prune (cv. Early 
Italian), and cherry (cv. Bing) trees were obtained through 
the generosity of Mr. J. Stewart8, and Prof. G. G. Woodbridgeb. 
These trees had been grown as described by Woodbridge (34). 
Boron-deficient and healthy sunflower, lettuce, tomato, 
and radish plants were of the same variety and were grown in 
the same manner, as those described in Section A. 
All leaf and stem (and twig) samples were extracted with 
eighty per cent ethanol and subjected to ion-exchange in the 
usual manner (see Section B.). The cation!c extracts were 
chromatographed ascendingly on Whatman No. 1 filter paper, 
the solvents being eighty per cent aqueous phenol in the 
first direction and n-butanol-n-butyric acid (2:2:1) in the 
second direction. Prior equilibration of the filter paper 
with the solvent vapors did not noticeably improve the 
resolution of the spots which was very good in this solvent 
combination. The amino acids were detected by spraying the 
chromâtograms lightly with 0.4 per cent (w/v) ninhydrin in 
n-butanol, followed by heating at 85° 0. for five minutes. 
aCanada Department of Agriculture, Division of Chemistry, 
Summerland, British Columbia, Canada. 
^Department of Horticulture, Washington State College, 
Pullman, Washington. 
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(b) Results. Extracts of boron-deficient lettuce, 
radish, tomato, and sunflower leaves contained slightly higher 
amounts of free amino acids than did extracts of healthy 
leaves, while stem extracts of these same plants showed very 
much larger concentrations of free amino acids to be present 
in deficient than in healthy stems. Similar differences 
were noted in extracts of deficient and healthy peach, 
apricot, prune, and cherry leaves and twigs, although in the 
case of the minus-boron twigs the increase in free amino 
acids was not so great as it was in the stems of minus-boron 
lettuce, tomato, sunflower, and radish plants. 
By far the most striking differences between the amino 
acids present in boron-deficient and healthy stems occurred 
with tyrosine, tryptophan, and phenylalanine, the only three 
amino acids which were positively identified. The healthy 
stems contained only traces of these compounds, while the 
deficient stems contained relatively large amounts. 
3. Discussion 
The presence in boron-deficient leaves, and particularly 
in boron-deficient stems, of higher concentrations of free 
amino acids than are found in healthy leaves and stems is dif­
ficult to explain. The significance, if indeed there is any 
at all, of these results is unknown, since the increased 
amounts of these amino acids in boron-deficient plants could 
result from proteolysis, increased rate of synthesis, or 
decreased rate of utilization. That phenylalanine and tyro-
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sine were present in deficient stems in amounts greater than 
those of any of the other amino acids is of interest inasmuch 
as these compounds can serve as precursors for the formation 
of the melanin pigments which are, presumably, responsible 
for the brown color of the necrotic phloem in such stems. 
Further interpretation of these data must necessarily await 
a better understanding of protein metabolism in healthy 
plants than is currently available. 
D. Experiments on the Biosynthesis of Tryptophan 
by Intact and Excised Leaves of Soybean Plants 
1# Introduction 
During the course of the study described in the preceding 
section, it was noted that phenylalanine, tyrosine, and 
tryptophan were present in higher concentrations in boron-
deficient than in healthy leaves and stems. It was shown 
by Racusen (31) that biogenesis of the aromatic ring of the 
first two of these amino acids could take place in excised 
soybean leaves, that is to say, that the leaf possessed a 
complete complement of the enzymes necessary to synthesize 
the ring from carbohydrate precursors alone; the presence of 
a nucleus preformed in, say, the roots, was not required by 
the leaf. 
On the other hand, Racusen was unable to demonstrate the 
presence of radioactive tryptophan in excised soybean leaves 
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14 fed C Og in the light. This observation suggested a pos­
sible fundamental difference to exist between the mode of 
biogenesis of the indole nucleus and that of the other 
aromatic amino acids. Probably the most reasonable assumption 
to explain this apparent inability of excised leaves to 
synthesize tryptophan, was that the indole ring, or even the 
amino acid itself, was made in the roots and translocated to 
the leaves. 
In view of the fact that Sheldon, et al. (55) have 
reported the formation of tryptophan in alfalfa, soybean, and 
redtop plants to be proportional to the available boron, it 
seemed desirable further to investigate this relationship. 
Before such an investigation could be initiated, however, it 
was essential that a better understanding of the mode of 
biosynthesis of this amino acid in healthy plants be obtained. 
With the aim, then, of determining whether or not the bio­
synthesis of tryptophan, de novo, could occur in excised 
leaves, the experiments described in the next section were 
carried out. 
2. Methods and results 
(a) Materials and general procedures. Soybean plants 
(Glycine max L. cv. Hawkeye) were grown in complete nutrient 
solution (see Section A.) under conditions of vegetative 
photoperiod in a greenhouse. Both excised and intact, mature 
and immature, trifoliate leaves, as well as intact roots, 
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were used in this study. 
The investigation was divided into two parts; the first 
part was concerned with the tryptophan from the free amino 
acid pool and the second with that from the protein. "Free 
amino acids" were defined to be those ninhydrin-positive 
materials soluble in eighty per cent ethanol, while "protein™ 
was, by definition, organic nitrogen insoluble in eighty per 
cent ethanol. 
Mature and immature, excised, and mature and immature, 
intact, trifoliate leaves were fed 495 microcuries of C-^Og 
as described on pages 18 and 19. The plants and excised 
leaves, after removal from the growth chamber, were allowed 
to metabolize under normal conditions for a further period of 
48 hours. During this time, the petioles of the excised leaves 
were kept immersed in distilled water. 
At the end of the 48-hour period of normal metabolism, 
the intact leaves to be studied and the intact roots (after 
having been rinsed in distilled water) were excised and all 
leaf and root samples were killed immediately by immersion 
in liquid nitrogen. Following eighty per cent ethanol and 
petroleum ether extraction of all material in the usual manner, 
the alcohol-soluble portion was analyzed for free tryptophan 
content, #iile the protein tryptophan was obtained from the 
insoluble residue, by means of the procedures described in 
the next two sections. 
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(1) Free tryptophan. The alcoholic solutions were 
concentrated, under reduced pressure, to small volumes and 
50u micrograms of non-radioactive, DL-trypt ophan were added, 
as carrier, to each sample. These solutions were then 
subjected to ion-exchange as previously described (Section 
B.). The cationic eluates were concentrated under reduced 
pressure, applied as bands to sheets of Whatman No. 3MM 
filter paper, and chro m at o gr aphed ascendingly using, as a 
solvent, eighty per cent aqueous phenol. On these, and all 
subsequent, chromatograms in the purification process, marker 
spots of tryptophan were placed at both ends of the bands. 
After development of the chromatograms in the appropriate 
solvents, thin strips containing the marker spots were cut 
off the edges of the papers and the tryptophan was located 
with the aid of ninhydrin (see Section C.). 
Following drying of the phenol-developed chr o -ma to gram s 
at room temperature for 24 hours, the tryptophan-containing 
bands were cut out and the tryptophan was elutod off of the 
paper with water. These eluates were then concentrated under 
reduced pressure, chromatographed ascendingly as bands on 
Whatman No. 3MM filter paper in the solvent me thyle thyl-
ketone-tert-butanol-water (2:2:1), and the tryptophan bands 
were once more eluted off of the paper with water. 
The final step of the chromatographic purification 
involved three ascending passes in tert-butanol-methanol-
water (4:5:1) on Whatman Mo. 1 filter paper, of the eluates 
31 
from the preceding chromatograms. The cleanest separation of 
the tryptophan from trace amounts of other amino acids was 
effected when the chromatograms were dried between passes 
and equilibrated with the solvent vapors for one hour prior 
to the running of each pass. Once again, the tryptophan 
bands were eluted from the chromatograms with distilled 
water. Two hundred milligrams of carrier DL-tryptophan were 
then added to each sample and the radioactive tryptophan was 
recrystallized to constant specific activity from absolute 
ethanol. 
Although very little loss of tryptophan occurs during 
the chromatographic stages of the purification, very high 
losses are experienced during the recrystallization from 
absolute ethanol. These losses result from the extended 
times of heating required to put the difficultly-wettable 
tryptophan crystals back into alcoholic solution. During 
the course of such heating, the solution rapidly discolors 
and, on cooling, only a small crop of crystals may be taken 
if a pure white product is desired. The heating time can be 
reduced by first dissolving the tryptophan in a minimal 
quantity of hot water followed by the gradual addition of 
absolute ethanol until crystals just begin to form. When the 
•recrystallization is performed in this manner, a yield of 
fifty per cent is obtained on cooling the solution to -20° C. 
Slightly higher yields can be obtained, of course, by re­
working the mother liquors but the crystals become dirty 
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white in color after more than one such treatment. Un­
fortunately, absolute ethanol was the only solvent found from 
which tryptophan could be conveniently re-crystallized. 
The radioactivities of the tryptophan samples were 
determined by plating known weights of the compound, as 
slurries in distilled water, on glass discs (see Section B«) 
and counting in the windowless, gas-flow counter to within 
three per cent standard error. All counts were referred to 
infinitely thin samples by the application of correction 
factors for self-absorption of the radiation by the trypto­
phan (see Calvin, et al. (36)), assuming self-absorption 
equal to that of BaC1403. 
So that the position and extent of the radiocarbon 
labelling in the tryptophan samples could be determined, a 
scheme for the complete stepwise degradation of this compound 
was required. The only such scheme found in the literature 
was that of Rafelson (37) which, unfortunately, required 
amounts of tryptophan of at least one gram by virtue of the 
low yields obtained in certain stages. Since, in the present 
investigation, only milligram quantities of this compound 
were available, it was necessary to limit the number of de­
gradation steps to an absolute minimum and to those which 
would give high yields of product. The only two reactions 
which could be found satisfying the latter criterion were the 
ninhydrin decarboxylation technique of Van Slyke, et. &1* (38) 
and the fused-alkali oxidation of tryptophan to skatole (3-
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methylindole) developed by Hopkins and Cole (39). Both of 
these degradations, however, leave the indole nucleus intact 
and in view of the possibility that tryptophan originates in 
leaves by a condensation of serine and indole as was found by 
Tatum and Bonner (40) to occur in Neurospora, the site of 
biogenesis of the benzene ring of indole in plants would 
still be unknown. 
It was known from Racusen's work on the degradation of 
phenylalanine (31), that benzoic acid could be d e car boxy lated 
and converted to aniline in forty per cent yield by treatment 
with polyphosphoric acid. The possibility existed, then, 
that if some method of oxidizing tryptophan to anthranilic 
acid (o-aminobenzoic acid) could be found, this latter com­
pound could be decarboxylated and converted to an aniline 
homologue by similar treatment with polyphosphoric acid. In 
this regard, Tabone, et al. (41) have reported the oxidation 
of tryptophan by incubation of the hydrochloride at 37° C. 
for 48 hours with saturated sodium carbonate solution, to 
yield o-aminoacetophenone, kynurenic acid, and anthranilic 
acid. These workers do not state the yields of the various 
compounds obtained in this manner. In the present investiga­
tion, duplication of the system of Tabone, et_ al. and more 
rigorous modifications of it, yielded, at best, only micro­
gram amounts of these three compounds from 100 milligrams of 
tryptophan. A number of other oxidizing reagents under 
varying conditions were no more successful in degrading 
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tryptophan to anthranilic acid. 
The biological oxidation of tryptophan by rat liver slices 
and homogenates has been reported by Mason and Berg (42) to 
produce anthranilic acid in yields of up to ten per cent, 
while Yanofsky (43) obtained as high as forty per cent con­
version of indole to anthranilic acid using partially 
purified rat liver enzyme preparations. The technique of 
Mason and Berg (42), after modification to meet the special 
requirements of the present study, was used to degrade the 
samples of radioactive tryptophan to anthranilic acid. The 
procedure which was used for this biological oxidation is 
detailed below. 
Healthy, adult albino rats of either sex, weighing 200-
250 grams each,a> ^ were fasted for a period of 12 hours. 
Each rat, subsequently, consumed without delay a raw, ground 
beef, meatball containing 100 milligrams of non-radioactive 
DL-tryptophan per 100 grams of body weight2. After a further 
period of five to six hours had elapsed, the rats were 
aThe rats used in this study were obtained through the 
generosity of prof. Lottie Arnrich of the Department of Home 
Economics, Iowa State College, Ames, Iowa. 
^The rats must not be deficient in pyridoxin©, for, as 
Mason and Berg (42) have shown, the tryptophan-peroxidase-
oxidase system requires pyridoxal phosphate as a cofactor. 
^According to Lee (44), this preliminary feeding of 
tryptophan induces an increase in the amount of the trypto-
phan-peroxidase-oxidase enzyme system of the liver of as much 
as ten times the normal content. 
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anaesthetized by the intraperitoneal injection of one milli­
liter of an aqueous solution of Nembutal (sodium pento­
barbital - 50 mg./ml.), and the livers were removed. 
(Exsanguination of the liver was facilitated by the cutting 
of the portal vein while the heart was still beating.) The 
livers were weighed and washed immediately with several 
rinses of cold, Krebs-Ringer phosphate buffer (O.IM, pH 7.4). 
Homogenates were prepared by grinding the livers at 0° C. in 
a Ten Broeck Tissue Grinder with 1.5 milliliters of O.IM 
phosphate buffer, pH 7.4, per gram (fresh weight) of tissue. 
Following the 2O-minute, 20,000 x g centrifugation of the 
homogenates at 0° 0., the supernatants were added to the 
incubation mixtures which consisted of one milligram of 
radioactive DL-tryptophan per 400 milligrams (fresh weight) 
of tissue, two milligrams of D-amino acid oxidase*, and two 
milliliters of Krebs-Ringer phosphate buffer (O.IM, pH 7.4). 
The flasks were incubated for four hours at 37° C. with 
occasional shaking. During this period, oxygen was bubbled 
slowly through the mixture. 
After the protein had been denatured by the addition of 
a small amount of dilute sulfuric acid, the anthranilic acid 
was removed from the incubated mixture by continuous extrac­
tion with peroxide-free ether in a liquid-liquid extractor. 
a 
Nutritional Biochemical Corporation, 150,000 units per 
gram. 
36 
The residue left after evaporation of the ether was dissolved 
in a small volume of ninety-five per cent ethanol, banded on 
sheets of Whatman No. 3MM filter paper, and chromatographed 
ascendingly with the organic phase of n-butanol-acetic acid-
water (4:1:5) as the solvent. 
Control experiments in which identical procedures to 
those described above were used (with the exception that no 
tryptophan was added to the reaction mixture) showed only a 
trace of endogenous anthranilic acid to be present in the 
incubated mixtures as determined by the brilliant fluorescence 
of this compound under ultra-violet light. 
As a result of the rather low specific activities of 
the tryptophan samples (see Table 6', Results) , coupled with 
the ten per cent yields from the enzymatic oxidations, it 
was not possible to determine the specific activities of 
these anthranilic acid samples. Elution of the anthranilic 
acid bands from the chromatograms yielded dark-colored, gummy 
products, indicating the occurrence of photo-oxidation of the 
compound at some stage of its purification. In this respect, 
it '.vas noted that aqueous solutions and spots on chroma to g rams 
of authentic anthranilic acid (prepared from phthalimide) 
rapidly changed from colorless through yellow to brown when 
not protected from the light. 
(2) Protein tryptophan. Following addition of 
500 micrograms of carrier DL-tryptophan to each of the eighty 
per cent ethanol-insoluble residues, each sample was placed 
37 
in a small, Teflon bag contained in a bottle fitted with a 
Teflon-lined plastic screwcap. The crude protein (1-4 grams 
wet weight) was subjected to hydrolysis by 25 milliliters of 
saturated barium hydroxide solution at 100° C. for 24 hours. 
At the end of this period, the bottles were cooled, the solu­
tions decanted, and the residues washed thoroughly with 
distilled water8-. The hydrolysates were then adjusted to 
pH 7.0 (with the aid of a pH-meter) by the addition of 
dilute sulfuric acid and the resulting precipitate of barium 
sulfate was removed by centrifugation. The tryptophan in 
the supernatants so obtained was isolated by ion-exchange, 
chromatography of the cationic fractions, and re-crystal­
lization from absolute ethanol, in identical procedures as 
have been described for the purification of the tryptophan 
from the free amino acid pools. 
Degradation to anthranilic acid of the radioactive 
tryptophan samples was accomplished with the aid of rat liver 
homogenates as previously described. Two of the anthranilic 
acid samples, obtained from the degradation of the two highest 
specific activity tryptophan samples (immature excised, 
mature intact, leaf protein - see Table 6), after elution 
from the chromatograms, were plated on glass discs and 
counted in the windowless flow counter to within three per 
aSome decomposition of the tryptophan, though it was not 
believed to have been extensive, occurred during the hydrolysis 
as evidenced by the presence of a strong faecal odor, 
characteristic of skatole, in the hydrolysates. 
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cent standard error. These samples were then eluted from 
the plates and attempts were made to purify one sample by 
means of benzoylation with benzoyl chloride in a modified 
Schotten-Bauman reaction while the other sample was subjected 
to sublimation. Neither of these techniques, however, 
proved to be practical with the small amounts (2-3 milligrams) 
of crude anthranilic acid available. The anthranilic acid 
was, however, free of all possible radioactive contaminants 
(viz. kynurenine, N-formylkynurenine, kynurenic acid, 
xanthurenic acid, 3-hydrocyanthranilic acid, and alanine) 
since it was well separated from these compounds on the 
chromatograms. 
(b) Results. The data concerning the specific 
activities of the radioactive tryptophan obtained from the 
free amino acid pool and from the insoluble protein are 
presented in Table 6. 
The anthranilic acid samples obtained from the degrada­
tion of the tryptophan from the immature excised leaf 
protein and from the mature intact leaf protein gave counts 
of 40 and 45 counts per minute, respectively. 
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Table 6. Specific activities* of radioactive tryptophan from 
the free amino acid pool and from the protein of 
soybean plants fed C» o2 in the light 
Sample Free tryptophan Protein tryptophan 
specific activity specific activity 
Immature, excised 
leaf 9.2 93.1 
Mature, excised 
leaf 7.9 16.9 
Immature, intact 
leaf 2.8 38.2 
Mature, intact 
leaf 16.8 96.1 
Intact root 1.1 14.9 
^Normalized to one gram (fresh weight) of material. 
bc/m/mg. tryptophan. 
3. Discussion 
That excised soybean leaves are capable of synthesizing 
tryptophan, in the broadest sense, is shown by the data 
presented in Table 6. These data alone, however, give no 
indication as to the site of biogenesis of the indole 
nucleus, for as was pointed out earlier, a condensation of 
radioactive serine from photosynthesis and non-radioactive 
indole, preformed in the roots and translocated to the leaves 
prior to excision, would produce radioactive tryptophan. On 
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the other hand, the observation of radioactivity in the 
anthranilic acid obtained by degradation of the tryptophan 
from excised leaves, indicates that either the benzene ring 
only, or the carboxyl carbon only, of anthranilic acid was 
labelled or that the compound was uniformly radioactive. 
It is unlikely that only the benzene ring was labelled, 
for, if such were the case, it would imply that formation of 
carbon-3 of indole, which becomes the carboxyl-carbon of 
anthranilic acid on degradation, occurred elsewhere in the 
plant than in the leaf. This situation, on the face of it, 
does not seem reasonable. Further, should only the carboxyl-
carbon of the isolated anthranilic acid have been labelled, 
the inference that synthesis of the nitrogen ring of trypto­
phan could, in fact, occur in the leaves would have been 
clear. Such a circumstance, however, would also have 
required that the benzene ring be synthesized in some organ 
other than the leaves, and that the leaf distinguish between 
the benzene ring of anthranilic acid and that of, say, 
phenylalanine, the benzene ring of which was shown by Racusen 
(31) to originate in the leaves. The occurrence of this 
distinction by the leaf is hardly likely. 
The most probable of the three possibilities, then for 
the distribution of the radioactivity in the anthranilic acid 
isolated from excised leaves, is that the compound was 
uniformly labelled. In this regard it may be noted that 
anthranilic acid is known to serve as a precursor for trypto-
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phan in some microorganisms, the benzene ring entering the 
compound intact but the carboxyl-carbon being lost as was 
reported by Byerrum, et al. (45) to occur in Neurospora. 
Since Davis (46) has shown the aromatic amino acids to arise 
from a common precursor in mutants of Escherichia coll, it 
seems highly probable that a similar pathway exists in higher 
plants. Although the existence of such a pathway in higher 
plants has not yet been demonstrated, Yanofsky (47) has 
reported that tryptophan synthesis in Neurospora may occur 
via the N-pentosylation of anthranilic acid followed by de­
carboxylation and ring closure to yield indoleglycerDiphos­
phate. 
That the anthranilic acid was probably uniformly 
labelled is shown by the following sample calculation: The 
tryptophan from the protein of the immature excised leaf had 
a specific activity of 93.1 c/m/mg. of tryptophan (Table 6). 
In one degradation, 22.8 milligrams, or roughly 2123 c/m of 
tryptophan were incubated with the enzyme system. If 100 
per cent yield of anthranilic acid had been obtained, this 
compound should have contained, assuming uniformity of 
labelling, 7/Ï1 (number of carbon atoms in anthranilic acid/ 
number of carbon atoms in tryptophan) of the initial radio­
activity, or about 1350 c/m. Actually, ten per cent yield 
was obtained, thus the anthranilic acid should have given a 
count of 135 c/m. Since this sample was distributed equal­
ly on three chromatograms, each paper should have had 135/3 
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or 45 c/m of anthranilic acid. The observed count of 40 c/m 
(for one chromatogram) is in good agreement with this value. 
In summary, it may be said that the results of the fore­
going study indicate that tryptophan biosynthesis may occur, 
de novo, in excised soybean leaves. More definitive results 
would have been obtained had the radioactive tryptophan not 
been diluted by the addition of the carrier tryptophan in 
the crystallization step of the purification technique. 
Further experiments in which this crystallization and the 
concomitant dilution of the radioactivity will be omitted 
from the procedure, are planned. 
E. The Effect of Boron on the Uptake and 
Translocation of Fructose-U-C-^ by Healthy 
Soybean Plants 
1. Introduction 
Gauch and Dugger (8) have reported increased transloca­
tion of radioactive sucrose to occur when boron was added to 
the sugar solution in which healthy leaves were dipped. The 
experiments described in the next section were initiated in 
an attempt to determine whether or not such an effect of 
boron could also be observed on the translocation of fructose. 
2. Methods and results 
(a) Materials and general procedures. Hawkeye soybean 
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plants grown to the same stage of morphological maturity in 
greenhouse soil under conditions of vegetative photoperiod 
were used in this study. The plants were kept in the dark 
for 24 hours prior to initiation of the experiments in an 
attempt to deplete the stems of sugars. That this attempt 
was unsuccessful was shown by chromatography of eighty per 
cent ethanol extracts of the stems. The experiments them­
selves were conducted in the light. 
The uniformly labelled fructose, extracted from soybean 
leaves fed C-^Og in experiments sufficiently long in duration 
as to guarantee uniformity of labelling in the sugars, was 
purified by standard procedures and had a specific activity 
of 2.31 x 10® c/m/mg. 
Three hundred micrograms of this sugar in 0.15 per cent 
aqueous solution containing sufficient orthoboric acid to 
give 0, 10, and 50 ppm of boron, depending on the experiment, 
were administered to each plant. Feeding of the radioactive 
fructose was done through the petiole stumps of excised 
trifoliate leaves in a manner similar to that reported by 
Si s 1er, et al. (9). 
The plants were allowed to take up the solution for 
exactly thirty minutes, at the end of which time the stems 
were sectioned into two-centimeter lengths; each section was 
then covered with eighty per cent ethanol in a test tube. 
The stem sections were numbered from the top downward, number 
one being that section immediately below the node to which 
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fed petiole had been attached. 
Each section was extracted with eighty per cent ethanol 
in a Ten Broeck glass tissue grinder, the insoluble material 
being removed by centrifugation. Following the evaporation 
of the extracts to dryness under reduced pressure, each was 
re-dissolved in exactly two milliliters of eighty per cent 
ethanol, an aliquot was plated on a glass disc as described 
previously, and the amount of radioactivity present was 
measured by means of the windowless, Q-gas flow counter. All 
samples were counted at infinite thinness to within three per 
cent standard error. 
(b) Results. The data obtained in these experiments 
are presented graphically in Figure 2. Nodes were present in 
stem sections 2 and 4 of both the minus-boron (curve A) and 
the 50 ppm-boron (curve C) plants, while the plant which 
received 10 ppm of boron (curve B) in the fructose solution 
had nodes in stem sections 3 and 5. In curve C, the total 
radioactivity of stem section 2 was not determined as a 
result of accidental loss of the sample. The lines drawn in 
on Figure 2 have no other significance than as connections of 
the points. 
3. Discussion 
That the addition of boron to the sugar solution markedly 
increased the uptake of fructose by the plants, is readily 
seen from the data presented in Figure 2. Contrary, however, 
Figure 2. Total counts per minute per stem section 
versus stem section number for transloca-
tion of 0.15 per cent fructose-U-cl4 
solution administered to soybean plants 
through the cut ends of petioles. 
Curve A corresponds to radiofructose 
alone. 
Curve B corresponds to 10 ppm of boron 
in the sugar solution. 
Curve C corresponds to 50 ppm of boron 
in the sugar solution. 









to the opinions of Sisler, et al. (9) who performed similar 
experiments using sucrose-U-C"^, the results of this type of 
experiment do not justify the drawing of any conclusions 
concerning the actual rate of translocation. An intelligent 
discussion of these rates presumes a considerably more 
sophisticated understanding of the process itself than 
currently exists. 
Complementary to the results of the present investiga­
tion was a report by Nelson and Gorham (14) which appeared 
in the literature after the termination of the experiments 
described in the preceding section. These workers, after 
having studied the uptake of radioactive glucose and sucrose 
by unwounded soybean leaves in the presence and absence of 
added boron, concluded that the primary effect of boron was 
in facilitation of the entry of these sugars into the leaf 
cells rather than on the translocation mechanism itself. 
Nelson and Gorham have also pointed out (48) (by means of 
studies of the effects of cyanide on translocation of sugars) 
the possible existence of a different mechanism for the 
translocation of glucose and fructose than for that of 
sucrose. In the light, then, of the stimulation by boron of 
fructose uptake observed in the present study and the similar 
stimulation noted by Nelson and Gorham (14) with glucose and 
sucrose, coupled with the probability that different trans­
location mechanisms exist for these sugars, it would appear 
to be reasonably certain that boron increases the uptake of 
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sugars by plant cells but does not play a direct role in the 
translocation of these sugars. 
P. The Effect of Boron on the Permeability to 
Glucose-U-C^ of Bovine Erythrocytes 
1. Introduction 
The results of the previously described study of the up­
take of radioactive fructose by healthy soybean plants in the 
presence and absence of added boron, suggested the pos­
sibility that boron played a part in the regulation of cell 
membrane permeability. If such were truly the case and this 
effect of boron was caused by some direct interaction with 
the membrane or with the sugar molecule itself, it would be 
reasonable to assume that boron should act in a similar 
manner to increase the permeability to sugars of any living 
cell membrane. A logical test of this hypothesis, then, 
would be to study the effect of boron on the uptake of sugars 
by cells the membranes of which are normally impermeable to a 
given sugar. 
For such a test, bovine erythrocytes are particularly 
suitable inasmuch as they are more or less freely permeable 
to glucose when the animal is young but gradually become 
impermeable to this sugar as the animal matures. Surprising­
ly, to the present time no investigator has studied these 
permeability relations of cells with the aid of (^"labelled 
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substrates, although considerable work has been done using 
less straight-forward techniques involving plasmolysis and 
haemolysis of the cells. In the present investigation, then, 
a study was made of the effect of boron, added to solutions 
of glucose-U-C^"4, on the uptake of the sugar by erythrocytes 
from mature and immature cattle, in the manner, and with the 
results, next described. 
2. Methods and results 
(a) Preliminary study. 
(1) Materials and general procedures. In the 
first experiment of this series, blood from a one-year old 
Shorthorn steer was collected by severing the carotid arteries 
and allowing the blood to run directly into an equal volume 
of 0.4 per cent potassium oxalate solution0-. The glucose-U-
C*^ used in this study was prepared photosynthetically as 
described previously. Ringor-Locke solution, isotonic with 
mammalian serum, was prepared and buffered to pH 7.4 as shown 
in Table 7. 
Boron was added to the test solution, as required, in 
the form of orthoboric acid. 
As soon after collection of the blood as possible, the 
erythrocytes and leucocytes were spun down at low speed in a 
aThe author is indebted to the employees of the Nevada 
Packing Company, Nevada, Iowa, who slaughtered the steer and 
donated the blood to this study. 
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Table 7. Composition of the buffered Ringer-Locke physio­
logical saline solution used in studies of 
glucose-U-C 4^ uptake by bovine erythrocytes* 







The composition of this solution was supplied by Prof. 
R. M. Melampy, Department of Animal Husbandry, Iowa State 






to pH 7.4 
well-balanced^ centrifuge maintained at 4° C. Since the 
leucocytes sedimented last, they were readily separated from 
the erythrocytes with a pipette. The red blood cells were 
then re-suspended in cold Ringer-Locke solution buffered to 
pH 7.4 with sodium bicarbonate and were re-sedimented as 
before. This process was repeated several times to ensure 
thorough washing of the cells. 
14 Incubation of the erythrocytes with the glucose-U-C 
was carried out conveniently in round-bottomed centrifuge 
bIf there was even a slight vibration in the centrifuge, 
considerable haemolysis of the erythrocytes resulted. 
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tubes (re-s us pension of the cells was difficult after 
sedimentation in centrifuge tubes with conical bottoms) in 
the following manner : To each tube was added 4.48 x 10^ c/m 
of glucose-n-C"^ (the concentration of glucose in the final 
suspension was less than 0.1 per cent by weight), 0.5 milli­
liter of freshly washed erythrocytes, and sufficient Ringer-
Locke physiological saline (pH 7.4) to make a final volume of 
5.0 milliliters. Boron was present in the tubes at levels of 
0, 1, 10, and 100 ppm. The suspensions were incubated, with 
occasional shaking, at room temperature (25° C.) for one-
half hour. At the end of this time, the cells were carefully 
spun down and the supernatants were removed with pipettes. 
The erythrocytes were then re-suspended in volumes of Ringer-
Locke saline equal to the amount of supernatant removed from 
each tube, and were re-sedimented at low speed. This washing 
process was repeated twice more. '.'/hen this procedure was 
carried out carefully, no appreciable haemolysis of the cells 
occurred as determined by microscopic examination. 
Aliquots of the thrice-washed erythrocyte sediment and 
of each supernatant were dated on glass discs and counted to 
within three per cent standard error in the window less, gas-
flow counter. 
(2) Results. The results of this preliminary study 
are presented in Table 8. 
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Table 8. The amounts of glucose-U-C taken up by one-half 
milliliter of erythrocytes from a one-year old 
steer in the presence of varying concentrations of 
boron. The total activity initially present in 
each sample was 44,800 c/m 
Cone, of Total Total Total Total Total 
boron activity activity activi ty activity activity 
ppm S.N. S.N. la S.N. 2a S.N. 3a in cells 
orig.a 
c/m c/m c/m c/m c/m 
0 46,700 4,950 0 0 365 
1.0 46,800 4,500 0 0 475 
10 41,400 5,400 0 0 525 
100 47,700 2,250 0 0 565 
aS.K. r supernatant; "orig." - after incubation, 1 = 
after first wash, etc. 
(b) Final study. 
(1) Materials and general procedures. In view of 
the results of the preliminary study (Table 8), it seemed 
advisable to repeat the experiment with erythrocytes from 
both mature and immature cattle. Blood from two, 18-20-day 
old, male Guernsey calves (pooled), and from a four-year old 
Jersey cow, withdrawn from the jugular veins of these animals 
by means of an hypodermic syringe, was used in this study.*5 
The author is indebted to Prof. J. C. Picken of the 
Veterinary Research Institute, Iowa State College, Ames, Iowa, 
who collected the blood for this experiment. 
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(2) Results. The results of this experiment are 
presented in Table 9. The abbreviations have the same meaning 
as in Table 8. 
Table 9. The amounts of glucose-TT-C-^ taken up by one-half 
milliliter of erythrocytes from mature and im­
mature cattle in the presence of varying concentra­
tions of boron. The total activity initially 
present in each sample was 184,000 c/m 
Stage of Cone, of Total Total Total Total 
development boron activity activi ty activity activity 
of animal ppm S.N. S.N. 1 S.N. 2 in cells 
orig. 
c/m c/m c/m c/m 
Immature 0 126,600 17,176 1,849 15,072 
Immature 1.0 124,900 15,867 1,861 14,014 
Immature 10 143,900 9,918 1,476 14,508 
Immature 100 128,100 17,553 2,013 12,468 
Mature 0 145,500 13,872 2,727 6,859 
Mature 1.0 159,000 17,054 2,042 5,382 
Mature 10 134,600 15,884 2,095 7,574 
Mature 100 151,700 15,249 2,095 9,292 
3. Discussion 
Implicit in the maturation of any ruminant animal is a 
gradual change from a completely non-ruminant, to a completely 
ruminant, type of digestive system. Concomitant with this 
gradual change in the digestive system in cattle, there is a 
gradual change in the permeability to glucose of the erythro-
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cytes: those of calves being completely permeable, those of 
mature animals being completely impermeable. The difficulty 
which arises, then, in interpreting the data shown in Table 
8, is that the exact degree of maturation, and hence the 
degree of permeability to glucose of the erythrocytes, of the 
one-year old steer, was unknown. The data show an increased 
uptake of glucose by the erythrocytes in the presence of 1.0 
and 10 ppm of boron but no effect on uptake by 100 ppm of 
boron. Unfortunately, however, these data do not distinguish 
between glucose adsorbed on the cell surface and glucose 
absorbed into the cell. Such a differentiation, presumably, 
can be made if the erythrocytes studied are impermeable to 
glucose, for, any glucose taken up by such cells in the 
absence of boron would be the result of surface adsorption. 
In the second experiment an attempt was made to de­
termine the degree of surface adsorption of glucose by 
taking advantage of the impermeability to this sugar of 
erythrocytes from mature cattle. The data presented in 
Table 9 show that such adsorption was appreciable in the case 
of the cells to which no boron was added. That 10 and 100 
ppm of boron, on the other hand, significantly increased the 
uptake of glucose by these erythrocytes again could have been 
the result of increased absorption or adsorption (or both). 
From these data alone it is not possible to decide which ef­
fect predominates. The marked decrease of glucose uptake in 
the presence of 1 ppm of boron is not understood. The data 
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for the uptake of glucose by erythrocytes from the calves 
show that the effect of boron was small and, In fact, was 
hardly greater than the three per cent standard counting 
error. 
It is apparent from the results of these experiments and 
from the above discussion, that the effect of boron on 
glucose uptake by erythrocytes which are freely permeable to 
the sugar is almost negligible. Insofar as these results 
can be extrapolated to include plants cells, it would appear 
that the observed influence of boron on glucose uptake by 
such cells may be an indirect one, that is, boron may af­
fect some enzyme system which plays a part in the regulation 
of cell membrane permeability. Further, even if the in­
crease in glucose uptake in the presence of boron by the 
impermeable erythrocytes can be solely attributed to absorp­
tion into the cell, rather than adsorption onto the cell 
surface, this increase is probably not sufficient to account 
for the marked metabolic disturbances which occur in boron-
deficient plants, again assuming that such data as were 
gathered here reasonably can be extrapolated to include plant 
systems. In any case, the evidence presented in this section 
does not support the hypothesis that the sugar-borate complex 
plays an integral part in the movement of sugars across cell 
membranes. Recent work by O'Kelley (49) on the uptake of 
isotopically labelled glucose, fructose, and sucrose by pollen 
of trumpet vine flowers supports these conclusions. 
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G. The Fate of Shikimic Acid-U-C^ in Leaves Excised 
from Boron-Deficient and Healthy Sunflower Plants 
1. Introduction 
That boron might in some manner participate in the bio­
genesis or in the further metabolism, of the aromatic ring 
in plants, was suggested by the results of previously 
described experiments in vitiich it was found that at least 
five aromatic compounds (tryptophan, tyrosine, phenylalanine, 
chlorogenic acid, and caffeic acid) tended to accumulate in 
boron-deficient plants. In Escherichia coll, such compounds 
have been reported by Davis (46) to have as a common precursor, 
shikimic acid (<&•*•> ^ -3yd -4 -5 oC -trihydroxycyclohexene-1-
carboxylic acid). Although the pathway of aromatic ring 
formation via shikimic acid has not yet been conclusively 
demonstrated to exist in higher plants, shikimic acid itself 
has been shown by many Investigators, including Hattori, e_fc 
al, (50), Whiting (51), Hulme and Richardson (52), and 
Richardson and Hulme (53), to be ubiquitously distributed in 
higher plants. Further, reports' by Eberhardt and Nord (54), 
Eberhardt (55), Eberhardt and Schubert (56), and Brown and 
Neish (57, 58) present good evidence that the compounds found 
by Davis (46) to be intermediates in the formation of the 
aromatic ring in E. coll are also involved in the biogenesis 
of the benzene ring in higher plants. Even more provocative, 
as far as the present study is concerned, were the studies of 
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Underbill, et_ al. (59) and Wat kin, et al. (60) on the bio­
synthesis of the flavone quercetin in buckwheat plants. That 
these workers found shikimic acid-U-C^ to be a good pre­
cursor of quercetin, suggested the possibility that a study 
of the effect of boron-deficiency on the biosynthesis from 
shikimic acid of the structurally not unrelated chlorogenic 
and caffeic acids might prove revealing. The results of such 
a study are presented in the following sections. 
2. Methods and results 
(a) Materials and general procedures. The boron-
deficient and healthy sunflower plant s ' used in these experi­
ments were grown in modified Knopp's solution as described 
previously (Section A.). 
The uniformly labelled shikimic acid was obtained from 
culture filtrates of Davis1 83-24 mutant of Escherichia coli, 
strain W,a (61, 62, 63, 64, 65) grown on glucose-U-C^"4 as a 
sole source of carbon. The composition of the nutrient solu­
tion in which the organism was grown was that recommended by 
Srinivasan, et al. (65), modified by the addition of manganese, 
iron, and calcium ions as shown in Table 10. 
Prior to the growth of the bacterium on isotopically-
labelled substrate, several successive transfers of the mutant 
aA culture of this shikimic acid-accumulating, aromatic 
auxotroph was obtained through the generosity of Prof. B. D. 
Davis, Department of Pharmacology, New York University, 
Bellevue Medical Center, 550 First Avenue, New York, N. Y. 
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were made to nutrient solution containing 0.5 per cent non­
radioactive glucose. The glucose solution and the nutrient 
solution of Table 10 were autoclaved separately. 
For preparation of the shikimic acid-U-C 4^, 0.1 milli-
Table 10. Composition of the nutrient solution used for 
growing cultures of E. coli, mutant 83-24 
(shikimic acid-accumulating, aromatic auxotroph); 
pH after mixing = 7.0 
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liter of a heavy suspension of E. coll mutant were added to 
10 milliliters of Table 10 nutrient containing 50 milligrams 
of uniformly labelled glucose8, contained in a 40 milliliter, 
conical centrifuge tube. The mixture was incubated at 35° C. 
with continuous, vigorous shaking on a wrist-action shaker. 
After 48-56 hours of growth, the culture was acidified to 
pH 6.0 by the dropwise addition of IN HCl, heated to boiling 
to coagulate the protein, and the bacterial cells were 
removed by centrifugation. The pellet was thoroughly washed 
with distilled water and the combined supernatant and washings 
were concentrated, under reduced pressure, to a small volume. 
The yellow solution so obtained was banded onto sheets of 
Whatman No. 3MM filter paper and chromâtographed ascendingly 
in n-butanol-acetic acid-water (50:3:12.5). This solvent 
afforded clean separation of the shikimic acid from 5-phos-
phoshikimic acid, both of which compounds accumulate in these 
filtrates. The band of shikimic acid-U-C" 4^ was located by 
spraying the marker spots of non-radioactive shikimic acid 
at the edges of the chromâtograms with aqueous potassium 
periodate solution followed by overspraying with potassium 
iodide-starch solution as recommended by Metzehberg and 
Mitchell (66). Following elution of the radioactive shikimic 
acid from the paper with distilled water, the aqueous solution 




was extracted twice with peroxide-free diethyl ether , 
concentrated under reduced pressure to a small volume, and 
re-banded onto Whatman No. 3MM filter paper. The descending 
chromatogram was developed with phenol-water-formic acid 
(3:1:1 per cent). 
The radioshikimic acid obtained using this procedure was 
chromatographically inseparable from authentic shikimic acid 
in benzyl alcohol-isopropanol-tert-butanol-water-formic acid 
(3:1:1:1:2 per cent); n-propanol-concentrated ammonium 
hydroxide (70:30); and n-butanol-formic acid-water (50:2,5: 
10), The yield of shikimic acid-U-C^ ranged from four to 
five per cent based on the total radioactivity present 
initially as glucose-U-C14. 
The isotopically labelled shikimic acid was fed to 
excised, boron-deficient and healthy, sunflower leaves by 
dipping the petioles into an aqueous solution of the acid. 
The leaves were allowed to metabolize for three days, at the 
end of which time they were killed in liquid nitrogen and 
extracted with eighty per cent ethanol in a Ten Broeck tissue 
homogenizer. Following centrifugation of the homogenates, 
the eighty per cent ethanol-insoluble materials were thorough­
ly washed with distilled water and the combined supernatant 
and washings were shaken twice with equal volumes of petrole­
um ether (boiling range 60° C.-700 0.). The amount of radio-
According to Chen (67), shikimic acid is only very 
slightly soluble in diethyl ether. 
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activity in the various soluble fractions was determined in 
the usual manner with the aid of the windowless, gas-flow 
counter. The ethanol-insoluble materials were re-suspended 
in 15-20 milliliters of distilled water and aliquots were 
plated on glass discs and counted in the same counter. 
Counting was accurate to within three per cent standard 
error, and infinite sample thinness was used. 
Three such feeding experiments were conducted. In the 
third experiment, the eighty per cent ethanol-soluble frac­
tions were further subdivided by subjecting them to ion-
exchange in the usual manner. The neutral, anionic, and 
cationic fractions were spotted on sheets of Whatman No. 3MM 
filter paper and chromatographed ascendingly in two dimen­
sions; the solvent in the first direction was eighty per cent 
aqueous phenol, that in the second direction was n-butanol-n-
butyric acid-water (2:2:1). Radioautograms of the developed 
chromatograms were prepared in the usual way. 
(b) Results. The results of three experiments in which 
shikimic acid-TJ-C"^ of different specific activities was used, 
are presented in Table 11, 
The amounts of radioactivity in the ethanol-soluble and 
ethanol-insoluble fractions (Table 11) have been expressed in 
Table 12 as percentages of the radioactivity taken up by each 
leaf. 
The distribution of the radioactivity within the ion-
exchanged, petroleum ether-extracted, eighty per cent ethanol-
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Table 11. Distribution of radioactivity in excised, boron-
deficient and healthy, sunflower leaves fed 





























21,973 861 18,937 
30,023 975 18,059 
29,900 21,300 
32,900 53,900 
221,240 —- 118,000 
193,500 -— 120,500 
"Mildly boron-deficient" = slight basal chlorosis, no 
necrosis, "Intermediately boron-deficient" s extensive 
chlorosis, slight necrosis. "Severely boron-deficient" = 
extensive chlorosis, severe necrosis, leaf misshapen. 
^After petroleum ether extraction. 
soluble fractions of the boron-deficient and healthy leaves 
of Experiment number 3 is shown in Table 13. 
The data of Table 13 have been expressed in Table 14 
as percentages of the total radioactivity taken up by each 
leaf. 
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Table 12. The percentage of the radioactivities taken up by 
each leaf appearing in the eighty per cenb ethanol-
soluble and -insoluble portions of excised, boron-
deficient and healthy, sunflower leaves fed 
uniformly labelled shikimic acid 
Experi- QOfi ethanol-soluble 80f£ ethanol-insolu-
ment Leaf activity - % ble activity - fa 
number 
Mildly boron-
deficient 54.7 45.3 
Healthy 63.2 36.8 
Intermediate­
ly boron-
deficient 58.4 41.6 
Healthy 37.9 62.1 
Severely boron-
deficient 65.2 34.8 
Healthy 61.6 38.4 
Table 13. Distribution of the radioactivity in the neutral, 
anionic, and cationic fractions of the eighty per 
cent ethanol-soluble materials from excised, boron-
deficient and healthy, sunflower leaves fed 
shikimic acid-U-C-'-4 
Experi- Leaf Neutral Cationic Anionic 
ment fraction fraction fraction 
number activity activity activity 
c/m c/m c/m 
3 Severely boron-
deficient 11,800 4,000 205,440 
Healthy 16,500 2,760 174,240 
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Table 14. Percentages of the total radioactivity taken up 
by each leaf appearing in the neutral, anionic, 
and cationic materials of the eighty per cent 
ethanol-soluble fractions from excised, boron-
deficient, and healthy, sunflower leaves fed 
shikimic acid-U-C14 
Experi- Leaf Neutral Cationic Anionic 
ment fraction fraction fraction 
number % % % 
3 Severely boron-
deficient 3.5 1.2 60,6 
Healthy 5.3 0.9 55.5 
3. Discussion 
Examination of the data presented in Tables 11 and 12 
shows that rather large amounts of the radioactivity from 
uniformly labelled shikimic acid appeared in the eighty per 
cent ethanol-insoluble fraction both of healthy and of boron-
deficient leaves within only three days of metabolism. 
Further, as the data of Tables 13 and 14 show, the radio­
activity not in the alcohol-insoluble materials, was present 
almost entirely in the acidic (anionic) fraction of the 
alcohol-soluble portion. Radioautograms of two dimensional 
chromatograms of this anionic fraction showed only one major 
spot which corresponded in R^. exactly to shikimic acid. 
Unfortunately, in the solvent systems used to develop these 
chromatograms (see "Materials and General Procedures"), 
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chlorogenic acid has R^'s in both solvents very close to that 
of shikimic acid, and although the strong fluorescence of the 
former acid was readily detected on the chromatograms, any 
radioactivity present in this compound was overshadowed by 
the presence of the radioactive shikimic acid spot. It is 
believed, though it has not been proved conclusively, that by 
far the major component of the radioactive materials present 
in the anionic, soluble fraction was not-yet-metabolized 
shikimic acid-U-C^"4. In this respect, little difference 
between the boron-deficient and healthy leaf extracts was 
discernable on the chromatograms and radioautograms of the 
anionic fractions. It was interesting to note, however, that 
as many as seven ultra-violet-light-fluorescing compounds, 
not normally present in appreciable amounts in sunflower leaf 
extracts, were present on chromatograms of both boron-
deficient and healthy, anionic, leaf extracts. These 
materials were presumably phenolic in nature but were not 
identified. The cationic and neutral, soluble fractions did 
not contain sufficient radioactivity to allow radioautograms 
to be made. 
The radioactivity present in the eighty per cent ethanol-
insoluble material was almost certainly, though not definitely 
proved to be, in the form of lignin and/or melanin pigments. 
Investigations by Brown and Neish (57, 58) and by Eberhardt 
and Schubert (56), have shown shikimic acid to be a particular­
ly good precursor for lignin. Somewhat surprising, however, 
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are the results shown in Table 12 which indicate that the 
"lignin" synthesizing ability of boron-deficient sunflower 
leaves apparently decreases with increasing severity of the 
symptoms. Since the leaf and stems of boron-deficient plants 
become increasingly brittle as the deficiency becomes more 
severe, it has long been assumed that this stiffening is a 
result of the laying down of more lignin by the plants. The 
results of this investigation do not support such an 
hypothesis. Very recently, Spurr (68) has noted an increase 
in cell wall thickness in the phloem parenchyma and other 
tissues of boron-deficient celery plants as compared to 
healthy plants. This author considers the thickening of the 
cell walls (and consequent brittleness of the plant) to 
result from increased condensation of carbohydrates to 
cellulose. The present investigation provides indirect 
evidence supporting this concept. 
It is interesting to speculate in the light of the data 
of Table 12 that the observed accumulation of phenolic com­
pounds in boron-deficient plants (see Section A.) may result 
from a decreased ability of the plant to synthesize lignin, 
since such phenolic compounds are known to be precursors of 
lignin. It is doubtful, however, that therein lies the 
specific biochemical role of boron, for these effects of boron-
deficiency may well result indirectly from the known accumula­
tion of soluble carbohydrates in deficient plants. 
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H. The Effect of Boron on the Oxidation of Some 
o-dihydroxyl Phenols by the Mn (III) Ion 
1» Introduction 
The possibility that boron might participate indirectly 
in the regulation of cell membrane permeability in higher 
plants has been pointed out previously in this dissertation. 
•Burstrôm (69), and more recently Sacher (70) have reported 
that auxin may be involved in such a regulation mechanism. 
It did not seem unreasonable, then, that boron might in some 
way affect auxin metabolism and thus indirectly affect the 
permeability of cell membranes. 
Auxin, specifically 3-indoleacetic acid (IAA), metabolism 
has been the subject of much study in recent years. Investiga­
tions by such workers as Briggs, et al. (71), Lockhart (72), 
Briggs and Bay (73, 76), Ray and Thimann (74), Ray (75), 
Good, et al. (77), Andreae and Van Ysselstein (78), Waygood 
and Maclachlan (79, 82), Waygood, et al. (80, 81), and Kenten 
and Mann (83), have all contributed to the hypothesis that 
the oxidation of IAA in plants is not enzymatic in nature, 
but rather, results from the reaction of manganic (Mn-^I) 
ions with the compound. These manganic ions are believed to 
be generated from manganous (Mn11) ions by oxidized phenols 
which in turn are formed by the action of the peroxidase and 
phenoloxidase enzyme systems on reduced phenols. The known 
facility with which boron chelates with polyhydroxy compounds 
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(such as phenols, riboflavine, etc.) led the present 
investigator to speculate that boron might be involved in a 
mechanism tending to protect auxin from oxidation by the 
above system. Thus, the presence of boron-phenol complexes, 
by reducing the effective phenol concentration and hence 
reducing the concentration of substrate for the phenoloxidase 
peroxidase enzyme systems, would inhibit the rate of forma­
tion of manganic ions and so the rate of oxidation of IAA. 
If boron were truly involved in such a protective mechanism, 
then boron-deficient plants would be expected to show 
symptoms characteristic of IAA-deficiency. Virtually all of 
the symptoms associated with boron-deficiency are, indeed, 
just those which would be expected to be typical of IAA-
deficiency. 
As a preliminary check on the reasoning involved in such 
a suggestion, a study of the ability of boron to protect 
o-dihydroxyphenols from oxidation by manganic ions was 
initiated. The results of this investigation are presented 
in the next sections. 
2. Method s and res ult s 
(a) Materials and general procedures. The manganic ion 
was generated by the action of manganese dioxide on manganous 
chloride and was stabilized by chelation with ethylene-
diaminetetracetic acid (EDTA) according to the method of 
Maclachlan and Waygood (84). 
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The effects of boron on the oxidation by Mn(III) ions of 
catechol, 3,4-dihydroxyphenylalanine (DOPA), chlorogenic 
acid, and caffeic acid were studied at pH 4 and pH 8. Dis­
appearance of the pink color characteristic of EDTA-chelated 
Mn(III) ions and concomitant browning of the phenol were 
used as criteria of reduction of the manganic ion and oxida­
tion of the phenol, respectively. In each experiment at pH 
4a the procedure used was as follows: To test tubes con­
taining 60 micromoles of MnOg, 15 micromoles of MnClg, 30 
micromoles of EDTA (pH 6.0), made to a final volume of 6.0 
milliliters with distilled water, was added orthoboric acid 
in amounts sufficient to give final concentrations of boron 
of 0.1, 1.0, 10, and 100 ppm. Control mixtures contained no 
boron. Following vigorous shaking of the solutions (to 
generate the Mn(III) ions), two concentrations each of the 
four previously mentioned phenols were tested for reduction 
of the manganic ions at each of the four levels of boron 
concentration. The phenol concentrations used in the final 
mixtures were 10~4M and 10~^M. 
For the experiments at pH 8.0, identical procedures were 
used with the exception that the final solution was made to 
volume with 0.05M tris(hydroxymethyl)aminomethane solution 
buffered to pH 8.0. 
aThe pH of the mixture described always fell to 4 after 
generation of the Mn(III) ions at a maximum concentration of 
10-3M. 
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(b) Results» Since catechol, chlorogenic acid, caffeic 
acid, and DOPA reacted identically in all of the systems used, 
the term "phenol" will be used in this section to include all 
of these compounds. 
At pH 4 and phenol concentrations of ÎO"4 and 10"%, 
boron had no visible effect on the browning of the solutions. 
The 10phenols gave more extensive browning than did the 
10"% phenols as might be expected. 
At pH 8.0, however, the effect of boron on the oxidation 
of the phenols was striking. At phenol concentrations of 
10"%, the control (minus-boron) solutions did not brown 
sufficiently to render visual comparisons of the effects of 
boron practical. When the phenols were present at concentra­
tions of 10"4M, on the other hand, after one hour it was 
readily noted that extensive protection of the phenols from 
oxidation by the manganic ions had occurred at boron con­
centrations of 10 and 100 ppm. Boron concentrations of 0.1 
and 1.0 ppm did not visibly lessen the browning of the solu­
tions. Even after 24 hours, the solutions containing 100 ppm 
of boron (1.8 x 10"% boron) had not browned appreciably, 
while those containing 10 ppm of boron (1.8 x 10~^M boron) 
had browned slightly but were still very much less brown than 
were the controls. 
3. Discussion 
Gillette, et al. (85) have studied the autoxidation and 
/ 
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the manganous lon-catalyzed oxidation of 5 x 10"^M DOPA at 
pH 7.88 and have observed strong inhibitions of both of 
these processes by 0.05M borate buffers. That physiological 
concentrations of boron have been found, in the present 
investigation, to be capable of protecting o-dihydroxyphenols 
from oxidation by the manganic ion at pH 8.0 but not at pH 
4.0, is provocative when viewed in the light of the possible 
participation of this element in an auxin regulating 
mechanism. The postulation of such a biochemical role for 
boron is particularly intriguing in that it is one of the 
only hypotheses advanced to date which can account for the 
extremely narrow range between boron-deficiency and boron-
toxicity. Thus, too high a concentration of boron, would 
result, in an excess of auxin by virtue of the deficiency of 
substrates for the phenoloxidase and peroxidase systems with 
a consequent rate of Mn(HI) ion production much slower than 
normal. Since the auxin tolerance levels within plants are 
highly critical, even a small change in the rate of Inactiva-
tion of IAA would cause profound changes in the metabolism of 
the plant. 
Although the ramifications of the above-stated hypothesis 
are many and varied, it should be pointed out that all of the 
evidence in support of such a role for boron in plant 
metabolism is of an indirect nature. There are, however, few, 
if any, experimental results of studies of the action of boron 
in higher plants which do not easily lend themselves to 
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interpretation in the light of this hypothesis. It would 
appear that further, more direct, investigation of this 
concept are warranted and might well prove most enlightening. 
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III. SUMMARY 
Although the present investigations have not elucidated 
the specific biochemical role of boron in the metabolism of 
higher plants, the field of investigation has been narrowed 
for future workers. 
That chlorogenic acid (the quinic ester of caffeic acid) 
and caffeic acid (3,4-dihydroxycinnamic acid) are responsible 
for the blue fluorescence under long wave-length ultra­
violet light of boron-deficient lettuce, tomato, sunflower, 
and radish leaves, has been shown with the aid of paper 
partition chromatography and other common analytical 
techniques. It was also demonstrated that these phenolic 
acids were present in higher concentrations in the green part 
of the leaf adjacent to a necrotic area than they were in 
either the rest of the leaf or the necrotic area itself. 
Oxidation of these compounds and subsequent condensation to 
melanin pigments are believed to be partially responsible for 
the brown color in the necrotic areas of boron-deficient 
leaves. 
The effect of boron-deficiency in sunflower plants on 
photosynthesis as carried out by intact and excised leaves 
were studied with the aid of C140g. It was shown that even 
severe boron-deficiency did not result in any qualitative 
changes in the nature of the process. Although some 
quantitative differences were noted between photosynthesis 
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in boron-deficient, as compared to healthy, leaves, it is 
probable that boron plays only an indirect role in this 
process. 
Studies were made of the free amino acid content of 
boron-deficient and healthy peach, apricot, prune, cherry, 
lettuce, radish, tomato, and sunflower, leaves and stems. It 
was observed that all of the boron-deficient plant material 
examined contained higher concentrations of free amino acids 
than did corresponding healthy material. The most pronounced 
of such increases were noted with the aromatic amino acids, 
phenylalanine, tyrosine, and tryptophan. These differences, 
though detectable in deficient and healthy leaves, were 
striking in corresponding stems. The significance of these 
observations is not known since it was not determined whether 
these amino acid increases resulted from autolysis of cell 
protein, increased rate of synthesis of amino acids, or 
decreased rate of utilization of these materials. 
That the d_e novo synthesis of tryptophan may occur in 
healthy, excised soybean leaves was established with the aid 
of isotopically labelled carbon dioxide. Degradation by means 
of rat liver homogenates, of the tryptophan isolated from the 
insoluble protein of an immature excised leaf, yielded radio­
active anthranilic acid (o-aminobenzoic acid) which is 
believed to have been uniformly labelled. The presence of 
radioactivity in the anthranilic acid indicates the presence 
of an indole nucleus preformed elsewhere than in the leaf, 
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not to be required by the leaf for synthesis of tryptophan. 
Investigations, concerning the effect of boron added to 
fructose-U-C"*"4 solutions, on the uptake and translocation of 
the sugar by soybean petioles from which the leaf blade had 
been excised, showed a marked increase in uptake of the sugar 
in the presence of 10 ppm of boron as compared to the minus-
boron control. It is believed that boron increased the up­
take of the radiofructose from the solution but that the 
element had little effect on the actual translocation rate. 
To determine whether or not boron might be directly 
involved in the movement of sugars through cell membranes, the 
uptake of glucose-U-C 4^ in the presence of varying concentra­
tions of boron by erythrocytes from mature and immature 
cattle was studied. In the case of the freely permeable 
erythrocytes from calves, little effect of boron was noted on 
the uptake of the sugar. With impermeable erythrocytes from 
mature cattle, on the other hand, increased uptake of the 
glucose did occur when boron was present in the solution. 
It is not known, however, whether the nature of this uptake 
was adsorptive or absorptive (or both) since sizeable amounts 
of the radioactivity were more or less irreversibly bound to 
the impermeable cells in the absence of boron. 
The fate of shikimic acid-IT-G 4^ in leaves excised from 
boron-deficient and healthy sunflower plants was studied. The 
majority of the radioactivity metabolized in three days by 
both healthy and deficient leaves was found in the eighty per 
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cent ethanol insoluble leaf materials, probably the lignin 
or melanin pigments. That only small amounts of metabolized 
radioactivity were found in the eighty per cent ethanol 
soluble compounds indicates rapid conversion of the shikimic 
acid, or its immediate metabolites, to lignin or melanin 
pigments. This investigation also showed that boron-
deficiency in some way inhibits the lignin-synthesizing 
ability of excised sunflower leaves. 
The effect of boron on the oxidation of catechol, 3,4-
dihydroxyphenylalanine, chlorogenic acid, and caffeic acid, 
by manganic ions (Mnlll) chelated with ethylenediamine-
tetracetic acid at pH 4 and 8, were investigated. Boron had 
no apparent effect on the oxidation of any of the phenols at 
pH 4. At pH 8, on the other hand, marked inhibition of the 
oxidation of all phenols (10~4M) by 10 and 100 ppm of boron 
was observed. In the light of these results, further 
investigation of the possible protection of auxin from oxida­
tion by the Kenten-Mann manganic ion-phenoloxidase system by 
the chelation of boron with phenols seems warranted. 
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